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ABSTRACT 
 
 
Microplasmas from ZnO have been generated by high amplitude single pulses and 
DC voltages applied using micrometer-separated probes on ZnO nanoforests. The high 
voltage stress results in strong blue and white light emission with sharp spectral lines and 
non-linear current-voltage characteristics. The nanoforests are composed of ZnO nanorods 
(NRs) grown on fluorine doped tin oxide (FTO) glass, patterned poly-crystalline silicon 
microstructures, and bulk p-type silicon substrates.  
The optical spectrum of the emitted light consistently shows three fine peaks with 
high amplitude in the 465–485 nm (blue) range, corresponding to atomic transitions of 
zinc. The broad-spectrum white light emission is possibly due to the free electron 
transitions in the plasma, blackbody radiation from molten silicon, the recombination 
through multiple defect levels in ZnO, and/or due to the optical excitation from solid ZnO.  
The characteristics of the microplasmas depend strongly on the substrate and 
voltage parameters. Plasmas can be obtained with pulse durations as short as ׽1 μs for 
FTO glass substrate and ׽100 ms for the silicon substrates. Besides enabling plasma 
generation with shorter pulses, NRs on FTO glass substrate also lead to better tunability of 
the operating gas temperature. Hot and cold ZnO microplasmas have been observed with 
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these NRs on FTO glass substrate. Sputtering of nanomaterials during plasma generation 
in the regions surrounding the test area result in interesting ZnO nanostructures (‘nano-
flowers’ and ‘nano-cauliflowers’).  
The electrical measurements performed at different ambient pressures result in light 
emission with distinguishable differences in the emission properties and I–V curves, which 
indicate the dielectric breakdown of ZnO, sublimation, and plasma formation processes as 
the underlying mechanisms. A practical way of generating atmospheric pressure ZnO 
microplasmas may lead to various lighting, biomedical and material processing 
applications. 
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1 | Background Studies 
 Electro-thermal processes at micro-scale can give rise to rapid heating and melting 
in presence of extreme thermal gradients. In the case of self-heated silicon micro-wires, a 
significant asymmetry has been observed by our group with the application of 30 - 40 V 
pulses. These structures have been used for crystallization studies as well as studies on high 
temperature thermo-electric transport at small scales ( Figure 1.1) [1], [2].  
d e
 
Figure 1.1: (a-c) Scanning electron microscopy (SEM) images of suspended n-type Si wires: an as-
fabricated wire (in a) and two wires pulsed using indicated durations and amplitudes showing 
melting on the source side (in b and c). (d, e) Optical images of two suspended, n and p-type wires 
biased with shown voltage polarities showing asymmetric heating profile [1]. 
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To further the understanding of the high electrical stress effects at micro-scale, an 
attempt was taken to characterize the electrical properties of zinc oxide (ZnO) nanorods 
grown by The Agrios Group at the University of Connecticut on these Si micro-wires. A 
number of high-stress electrical experiments were performed using closely spaced 
electrical probes by Luca Lucera [3]. The ZnO nanorods were also grown on other 
substrates, including SiO2, ITO, single-crystal silicon, and paper. In all cases bright light 
emission was observed for increased voltages. 
Patterned 
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(a)
SiO2
ZnO growth
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   2.5 µm
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Figure 1.2: (a) SEM image of the ZnO nanorods grown on ~ 100 nm thick highly doped patterned 
p++-type silicon microstructures (before and after ZnO nanorods growth), (b) cross section SEM 
image of the ZnO nanorods, and (c) schematics of the electrical probes and optical fiber 
arrangement [4]. 
Intense blue and white light emission could be consistently achieved for high 
electric fields (~3-7 V/µm) on ZnO nano-forests using tungsten probes (Figure 1.3 and  
Figure 1.4) [4], [5]. The abrupt increase in current at higher fields, sharp spectral peaks and 
very high local temperatures (observed as significant probe melting) indicated ZnO 
dielectric breakdown, sublimation, and plasma generation [4]. 
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Figure 1.3: Frames extracted from high-speed videos showing light emission and changing 
percolation paths during DC tests with an approximate probe distance of 10-15 μm. Probe locations 
and applied voltage polarity are as indicated in yellow [4]. 
 
 Figure 1.4: Frames extracted from high-resolution videos showing light emission from the ZnO 
nanorods contacted by tungsten probes during AC excitation with 10 Hz – 10 kHz frequency ranges 
with indicated peak-to-peak voltage levels. The approximate probe separation was 10-15 μm. 
Similar visible emissions occurred with pulse stresses. Probe positions are as indicated in yellow 
[4]. 
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In some cases, orange-pink regions were also observed (Figure 1.3). Light emission 
was very intense, scaling with the applied voltage and as multiple brief flashes during long 
excitations. Emitted light seemed to follow a changing percolation path between the 
contacts as the materials experience changes in thermal and electrical properties over time 
due to the high electric stress (Figure 1.3) [4]. 
The spectra obtained by Lucera from a large number of measurements with DC, 
AC and pulse analyses (Figure 1.5) consistently showed three high-intensity fine spectral 
lines at ~481 nm ~472 nm and ~467 nm of wavelengths [5]. This triplet in blue corresponds 
to atomic electron transitions (AETs) in neutral zinc (Zn I) atom. The localized orange-
pink glow in some cases (~635 nm) can also be ascribed to another AET of neutral zinc 
(Figure 1.5). Higher amplitude and longer duration voltage pulses resulted in greater 
overall intensity of the emitted light [4]. A broad-spectrum (white light) emission was also 
associated with the blue light under certain conditions (Figure 1.5a). The lack of broad-
spectrum emission in some of the DC experiments indicates a distinct difference in plasma 
conditions (Figure 1.5). 
SEM images taken after DC electrical analysis (Figure 1.6a) show melting of the 
materials between the contacts and an optical image of the tungsten probes after some of 
the measurements (Figure 1.6c) indicate melting of the probe tips. Hence, in some cases, 
the local temperature exceeds the melting point of tungsten (3,422 °C) [4]. 
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Figure 1.5: (a) Optical spectra obtained from DC sweeping of 0 V to 80 V (marked as blue), AC 
excitation with amplitude of 40 V and frequency of 1 kHz (marked as red), and single pulse voltage 
with amplitude of 35 V and duration of 10 μs (marked as black). Corresponding atomic electron 
transitions in the excited species are indicated adjacent to the spectral lines. The inset shows the 
characteristic peaks (triplet) for neutral Zn atoms. (b) Example DC I-V characteristic from 0 to 80 
V in steps of 1 V through the ZnO nanorods. The entire DC sweep was carried out in ~10-15 
seconds. Inset shows the optical image of the probe arrangement before the test (top) and a frame 
from high-resolution video of the light emission (bottom) [4]. 
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Figure 1.6: (a) Scanning electron microscope image of the molten path of current flow between the 
contacts after a DC test showing evidence of melting and recrystallization of the material under 
electrical stress. (b,c) Optical microscope images showing two tungsten probes placed on a 
continuous ZnO nano-forest before and after a DC measurement test. Melting of the micrometer 
6 
 
size probe tips during the electrical test suggests local temperatures above the melting point of 
tungsten (3,422 °C) [4]. 
This work focuses on trying to understand the mechanisms associated with plasma 
formation and light emission from ZnO nanostructures for various substrates, ambient 
pressures and electrical stress conditions [6]–[9]. 
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2 | Zinc Oxide Properties 
Interest in environmentally friendly semiconductors, bio-compatible [10], 
functional nanostructures [11], nanoscale electronic devices and large area electronics has 
led to significant research efforts in metal-oxide semiconductors such as zinc oxide (ZnO). 
ZnO is a common low-cost anti-bacterial [12] material of the II-VI semiconductor group 
that forms various nanostructures depending on the process conditions. ZnO is easily 
available, abundant and inexpensive. It is stable in high-energy radiation and amenable to 
wet chemical etching [13]. 
ZnO is a direct band gap material. Its wide band gap (~3.4 eV) and large exciton 
binding energy (~60 meV) have attracted attention for photonic applications [14]. The 
easier and cheaper growth techniques may allow ZnO to be an economic substitute for 
many other widely used optoelectronic materials, for example GaN. ZnO devices have so 
far been demonstrated for several optoelectronic applications, such as room temperature 
lasing [15], dye sensitized solar cells [16], [17], heterojunction light emitting diodes [18], 
photodetectors [19], transparent thin film transistors [20], and phosphors [21]. 
ZnO typically grows as an n-type semiconductor due to oxygen deficiencies, and 
has been used as the n-type material in hetero-junctions [22], but there have also been 
significant efforts to produce high-quality p-type ZnO to form homo-junction light emitting 
diodes (LED) that can produce UV [18], blue [23], or white light [24]. 
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ZnO is said to be the wealthiest family of nanostructures with varieties of 1D or 
quasi 1D nanostructures [11] exhibiting high crystalline quality and good carrier transport 
[14]. It is also one of the substances that sublimate congruently at atmospheric pressure 
[25]:  
……………………………….. (2.1) 
The sublimation temperature of ZnO is ~380 °C for the Zn surface and ~600 °C for 
O surface.  ZnO decomposes into zinc vapor and oxygen at ~1975 °C [26]. 
Wurtzite is the most thermo-dynamically stable phase of ZnO at ambient condition 
[22] which lacks inversion symmetry and thus demonstrates spontaneous polarization 
along the c-axis [11]. The resulting large elecromechanical coupling and piezoelectricity 
in ZnO extends its fields of application to piezoelectric transducers [27], surface acoustic 
wave (SAW) devices [28], actuators, electromechanical sensors [29], nanogenerators [30], 
and many other devices. ZnO doped with transition metals has been claimed to manifest 
ferromagnetism having prospective interest in spintronics [31].  
 ZnO has been used in dental cements [32], facials and baby diaper creams [33]. It 
is also used in sunscreens by virtue of its UV absorption quality [34]. ZnO nanomaterials 
also have potential applications in cancer treatment by selective destruction of the 
malignant cells while showing benignity toward normal cells [35]. In a recently reported 
work, it has been shown that ZnO nanorods can potentially be used for hardware security 
applications [36].  
In this chapter, the crystal structure, and the electrical, thermal, optoelectronic and 
mechanical properties of ZnO are discussed briefly.  
)(
2
1)()( 2 gOgZnsZnO 
9 
 
2.1 Crystal Structure 
ZnO has three crystal structures (Figure 2.1) – hexagonal wurtzite (B4), cubic zinc 
blende (B3), and cubic rocksalt (B1). The wurtzite structure is the most thermodynamically 
stable phase at ambient condition [37].  
The wurtzite structure is composed of two interpenetrating hexagonal close packed 
(HCP) sub-lattices where each sub-lattice has four atoms per unit cell. In this structure, 
each anion is surrounded by four cations at the corners of a tetrahedron with sp3 covalent 
bonding, and vice versa. Table 2.1 lists different planes and axes in wurtzite structure. The 
(0001) plane and the associated <0001> direction are the most widely used ones for growth 
purpose [37].  
The cubic zinc-blende structure consists of two interpenetrating face centered cubic 
(FCC) sublattices where the second sublattice shifts along the body diagonal of the first 
one by a quarter of the body diagonal. Like wurtzite structure, it has four atoms per unit 
cell and encompasses the sp3 covalent bonding in the tetrahedral coordination. This 
structure can be stabilized in ZnO only by heteroepitaxial growth on a cubic substrate [38]. 
(a) (b) (c)
 
Figure 2.1. Crystal structures of ZnO – (a) hexagonal wurtzite structure, (b) cubic zinc blende 
structure, and (c) cubic rocksalt structure. 
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Plane Miller index Polarity 
c-plane (0001) Polar 
a-plane (11-20) Non-polar 
m-plane (10-10) Non-polar 
r-plane (1-102) Semi-polar 
 
Table 2.1: Different planes in wurtzite structure [39] along with their associated miller indices and 
polarities. 
The ionic rocksalt (NaCl) structure is obtained at relatively high external 
hydrostatic pressures (~10 GPa). Due to the reduction of lattice dimension at elevated 
pressure, the inter-ionic coulomb interaction dominates over the covalent bonding [22]. 
All of the aforementioned crystal structures in ZnO lack inversion symmetry and thus 
exhibit crystallographic polarity. The [0001] direction or the positive z direction in wurtzite 
structure points from O plane to Zn plane while the (000 1  ) or the negative z direction 
points from Zn to O plane. Polarity influences many of the other properties in ZnO, such 
as growth, defect generation, polarization, and piezoelectricity [22]. 
 
2.2 Electrical properties: 
ZnO has a direct bandgap of ~3.4 eV at room temperature. The electronic band 
diagram for the wurtzite structure is shown in Figure 2.2(a). Because of the large bandgap, 
it is suitable for high-temperature and high-power operation. Moreover, ZnO offers higher 
breakdown voltages, ability to sustain large electric fields, and lower noise generation as a 
result of the wide bandgap. The major scattering mechanisms for ZnO are due to ionized 
impurity, polar LO-phonon, acoustic-phonon, piezoelectric strain, and dislocations and 
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defects. Room temperature mobility of bulk ZnO is 300 cm2/Vs. Figure 2.2(c) shows the 
electron drift velocity vs electric field for ZnO and GaN [22]. 
 
Figure 2.2: a) Electronic band diagram of the wurtzite structure, b) density of States, c) electron 
drift velocity vs electric field for the wurtzite-structure ZnO and GaN [22], [40]. 
ZnO is a naturally n-type semiconductor even when undoped. The presence of some 
native defects, such as the Zn-on-O antisite, the Zn interstitial (ZnI), the O vacancy (VO) 
[41], and hydrogen (positive charge state) [42] are ascribed for this residual n-conductivity.  
Intentional n-type doping is usually achieved by substituting Zn with group III atoms 
which result in shallow donors for ZnO [43]. The theoretical predictions suggest group V 
elements, especially Nitrogen for its small ionic radius, to be the best acceptor considered 
so far to replace O sites in ZnO [44]. However, high binding energy of the acceptors (~150 
meV, as obtained from experiments), limited maximum achievable hole concentration at 
room temperature (~1018 /cm3), and low Hall mobility (~0.1-2 cm2/Vs) give rise to the 
hurdles in accomplishing p-type ZnO. According to some researchers, stable p-type doping 
in ZnO is still not available due to difficulties in ensuring reliability and reproducibility 
[45]. 
c 
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2.3 Optical properties: 
 ZnO is one of the most widely used luminescent materials. Besides its high exciton 
binding energy and wide direct energy bandgap, ZnO also has a large number of extrinsic 
and intrinsic deep-level impurities. Thus, it can emit light of different colors [46].  
The intrinsic ‘native’ deep levels in ZnO are oxygen vacancy (VO), zinc vacancy 
(VZn), oxygen interstitial (Oi), zinc interstitial (Zni), oxygen anti-site (OZn), and zinc anti-
site (ZnO). In addition, there are also some native defect clusters that are formed by 
combining two intrinsic deep levels, such as, VOZni. These native defects play an important 
role in the unintentional n-type conductivity of ZnO [46]. They also control the minority 
carrier lifetime and luminescence properties of ZnO. Li, Cu, Fe, Mn, and OH are reported 
as the common extrinsic deep-level defects in ZnO [46]. 
The room temperature photoluminescence (PL) spectrum of ZnO generally consists 
of a near-band-edge (NBE) ultra-violet (UV) emission and at least one broad band (400-
750 nm) emission due to deep levels, which is called deep level emission (DLE) (Figure 
2.3a). The NBE UV emission is attributed to the radiative recombination of free excitons. 
On the other hand, the broadness of DLE results from the superposition of many different 
deep levels emitting at the same time [46]. Figure 2.3a shows the PL spectrum of n-ZnO 
nanotubes grown on p-GaN. The nanotubes possess large surface to volume ratio which 
provide increased concentration of surface defects. The DLE in this PL spectrum is 
ascribed to the injection of the holes from p-GaN toward the ZnO nanotubes and their 
recombination with defect states in the ZnO nanotubes [46]. Figure 2.3b demonstrates 
electroluminescence (EL) spectrum of 4H-p-SiC/n-ZnO heterojunction light emitting 
13 
 
diode (LED). The peaks at 430 nm (violet), 527 nm (green) and 683 nm (red) in the EL 
spectrum is responsible to different defects of ZnO [46].  
a b
 
Figure 2.3: (a) Room temperature photoluminescence (PL) spectrum of ZnO nanotubes grown on 
GaN [46]. (b) Room temperature electroluminescence (EL) spectrum of 4H-p-SiC/n-ZnO 
heterojunction LED [46].  
 
2.4 Thermal and mechanical properties:  
 ZnO has high heat capacity, high heat conductivity, and low thermal expansion 
coefficient. Its melting point is high (1975°C) at which ZnO decomposes to zinc vapor and 
oxygen [47]. Sublimation of Zn occurs from the Zn-face at ~380°C and that from O surface 
takes place above ~600°C [26]. 
ZnO has the highest piezoelectric tensor among the tetrahedrally bonded 
semiconductors [48]. Therefore, it is important in applications requiring large 
electromechanical coupling. Due to the low symmetry of the wurtzite structure, ZnO has 
spontaneous polarization along the c direction. ZnO is softer than GaN [22]. 
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2.5 ZnO Growth 
Table 2.2: Pros and cons of various growth techniques used for ZnO films and nanostructures [49].  
ZnO nanostructures and films are grown using different techniques. Each growth 
technique has its own advantage and disadvantage. The most commonly used growth 
techniques are physical vapor deposition (PVD), chemical vapor deposition (CVD), metal–
organic chemical vapor deposition (MOCVD), pulse laser deposition (PLD), vapor–liquid–
solid (VLS), hydrothermal and chemical bath deposition. Table 2.2 depicts the advantages 
and disadvantages of different growth techniques used for ZnO films and nanostructures 
[49]. 
15 
 
It is presumed that the vertically aligned ZnO nanorods grown in controlled and 
ordered fashion are of greatest interest among all ZnO nanostructures because of the easy 
electrical and optical accessibility of individual nanostructures [43]. 
  
2.6 Applications 
ZnO has a very broad range of applications. Besides its electronic and photonic 
applications, it is largely used in rubber and ceramic industries. Because of its antibacterial 
properties, it is used in temporary dental cements where it is combined with eugenol to 
improve the strength of the intermediate restorative material (IRM) [50]. ZnO is also 
widely used for baby diaper rash creams, skin protectant ointments [51], and athletic tapes 
[52]. It also has the popular usage in the UV blocking sunscreens for kids and adults [53].  
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3 | Plasma Basics 
3.1 Plasma – the 4th state of matter 
Plasma is a distinct state of matter which is like a gaseous phase with a certain portion 
being ionized [54] (Figure 3.1). This fundamental state comprises a concoction of 
positively charged ions, neutral atoms and negatively charged unbound electrons. Neutral 
atoms and positively charged ions are termed as heavy particles in plasma [55]. The 
ionization is induced by an energy source supplying a strong electromagnetic field [56]. 
Even a low level of ionization makes this state of matter conductive and highly responsive 
to electromagnetic fields.  
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Figure 3.1:  States of matter and transitions among them.  
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3.2 Plasma physics – terms and parameters 
 Collective behavior 
The charged particles need to be close to each other so that each of them has 
significant influence on the adjacent particles. This distinct feature is known as collective 
behavior of plasma.  
 Plasma density 
Plasma density is the number of free electrons per unit volume of the plasma. 
 Plasma temperature 
Plasma temperature refers to the individual temperature of each species. The 
temperature of each particle in the plasma is defined by the kinetic energy of the particle.  
kTmvEK av 2
3
2
1.. 2  ……………………..………….. (3.1) 
where,  m = mass of the particle, 
 vav = average thermal velocity of the particle, 
 k = Boltzmann constant, 
 T = absolute temperature (K) [55].  
Hence, the particle temperature is usually measured in eV (1eV = 11,605K) [57].  
 Degree of ionization 
Degree of ionization is the fraction of ionized particles among all particles. 
ni
i
nn
n
 ………………………………………….. (3.2) 
where,  α = degree of ionization, 
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ni = number of ionized atoms 
nn = number of neutral atoms.  
The degree of ionization depends mostly on temperature.  
 
3.3 Hot and cold plasmas 
In a thermal plasma, electrons and heavy particles (ions and neutral atoms) have the 
same temperature. In other words, local thermal equilibrium exists between the electrons 
and heavy particles. As the temperature of the heavy particles is high in thermal plasma, 
this is also called hot plasma. On the other hand, the electron temperature in non-thermal 
plasma is higher than that of the heavy particles. Thus, the local thermal equilibrium is not 
maintained among the species, that are in different velocity distributions in non-thermal 
plasma. Either of the species does not follow the Maxwell-Boltzmann distribution. Due to 
the lower temperature of the heavy particles or gas particles in non-thermal plasma, this is 
also called cold plasma [55]. In thermal plasma, the degree of ionization is usually very 
high while it is quite low (about 1%) in a non-thermal plasma. When the excited species in 
plasma relax, energy is released in the form of electromagnetic radiation. Hence, plasma 
always accompanies radiation, such as light. 
Traditional plasmas are generated in large volumes and electrode separation. Hence, 
they are very likely to reach thermal equilibrium or generate a collision-dominated hot 
plasma at atmospheric pressure. The collision rate is substantial at this pressure range. 
Thus, the energy of the electrons (Te) reduces while that of the heavy particles (Tg) 
increases through these collisions. As a result, a thermal equilibrium is reached eventually. 
In lower pressure on the other hand, the mean free path for collision is much longer which 
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result in fewer collisions. Thus Te does not reduce that much and Tg also cannot go very 
high which prevents thermal equilibrium state at lower pressure (Figure 3.2) giving rise to 
a cold plasma [55].  
 
Figure 3.2: Plot of electron temperature (Te) and gas temperature (Tg) vs. pressure (where the gas 
temperature means the temperature of ions and neutral atoms). Local thermal equilibrium is not 
maintained at pressure much lower than the atmospheric pressure [55].  
 
3.4 Applications of plasmas 
Cold plasmas generated in large volumes have applications in the very large scale 
integration (VLSI) circuit manufacturing processes – such as etching, deposition (e.g., 
plasma enhanced chemical vapor deposition and pulsed laser deposition), surface 
modifications, surface cleaning (removal of organic material), and so on [58].  
Cold atmospheric pressure plasmas have also gained substantial attention in the area 
of food processing [59], sterilization of teeth, endodontics [60], [61], hand sterilization, 
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wound healing etc. Plasma needle, plasma torch, plasma pencil, plasma jet and 
HandPlaSter are some of the plasma devices used in the medical and dental treatment 
purposes [62]. 
 
Figure 3.3: Applications of plasmas in a) hand sterilization [63], b) plasma pencil for blood 
coagulation [64], c, d) plasma needle for dental cavity treatments [60], e) plasma food processing 
[65]. 
 
3.5 Microplasma 
When plasma is created in small dimension (ranging from few micrometers to few 
millimeters), it is typically referred to as microplasma or micro-cavity plasma [66]. 
Microplasma can be thermal or non-thermal which means that it can be generated at a wide 
range of temperature and pressure. However, most of the commercial microplasmas are 
non-thermal.  
Since the distance between the electrodes is reduced in microplasma, the operating 
pressure of the gas needs to be larger than that in traditional plasma in order to maintain 
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similar breakdown voltage. This reciprocal relation between pressure and probe distance is 
described in Paschen’s law (Figure 3.4) as [67].  
bpd
pdaVb  )ln(
)(
……………………………………….. (3.3) 
where,  Vb = plasma breakdown voltage (the voltage at which the plasma strikes), 
 pd = product of pressure and probe distance, 
 a, b = gas constants.  
 
Figure 3.4: Paschen’s law shows dependence of breakdown voltage on the product of pressure and 
probe distance [68].  
Figure 3.5 shows different characteristic areas of plasma achieved from 
combinations of different probe distances (d) and different electron densities (ne). The 
traditional plasma is the one generated with low electron density keeping large probe 
distance and very low pressure, whereas, the exotic plasma has completely opposite 
operating conditions. Plasmas generated at different pressure range with sub-millimeter 
probe distance are termed as microplasma and their area of operation is categorized as the 
mezzo-exotic area. As the operating pressure range increases in microplasmas, the 
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optimum medium density also increases accordingly. Hence, not only the high-pressure 
gases but also the high-density materials can serve as the microplasma media upon 
sublimation. Therefore, it becomes possible to get high plasma density (i.e. high density of 
free electrons in the plasma) even with a small or moderate degree of ionization. Hence, 
microplasma is called collision dominated high-density plasma [69].  
 
Figure 3.5: Microplasmas generated under different pressures (i.e. different probe distances, d) and 
with different electron densities, ne are utilized in diverse fields of applications [69].  
Microplasmas have several advantages, such as, low cost for operation when 
operated near or at atmospheric pressure [70], low power consumption [71] and mask-less 
etching [72]. In case of non-thermal microplasmas, enormous population of energetic 
electrons [69], non-equilibrium thermo-dynamics [73], non-Maxwellian electron energy 
[74] and excimer generation [75] have make these gain vast attraction in the fields of 
photonic devices [76], [77], nanomaterial synthesis [77], and micro-machining. 
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In case of elastic scattering between electrons and neutrals/ions, if the gas 
residence/dwell time, τd or pulse duration, τp (when operated in pulsed mode) can be made 
shorter (in ms to μs range) than the electron energy relaxation time (τE), the excited 
electrons will not get enough time to completely release the excess energy of scattering to 
the neutrals/ions even at high-pressure ranges [78]. That is how the electron temperature, 
Te can be made much higher than the gas temperature, Tg and the non-thermal equilibrium 
state will be maintained near atmospheric pressure ranges. Hence, microplasmas can be 
made either thermal (hot) or non-thermal (cold) by engineering the τd or τp [69] (Figure 
3.6).  
 
Figure 3.6: Pressure dependence of microplasma electron temperature and gas temperature. Non-
thermal/cold microplasma can be generated even at atmospheric pressure [69].  
Microplasmas have gained substantial attention in the field of nanomaterial 
fabrication technology [77]. It is also used in environment friendly, flat, thin, mercury-free, 
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lead-free, cheap, and long lasting lighting technology [79] (Figure 3.7).  These uniform and 
high-quality lights can be used in all possible usages of LED lights. 
 
Figure 3.7: Microplasma lighting with inverted square pyramidal cavity [79]. This device was 
fabricated in silicon substrate by micromachining which facilitated the opportunity of fabricating 
large arrays of microplasma devices at similar cost. The micro cavities were formed by etching the 
<100> until the <111> plane was formed using a common KOH etch. Hence, these cavities could 
be made smaller with high packing density in the array [80]. The UV emission produced by the 
individual devices or arrays is employed in exciting a phosphor film and thereby producing visible 
light. Various approaches have been promoted to improve the lifetime of the glow and reduce the 
power requirement – such as utilizing dielectric stack of SiO2, Si3N4 and polyimide, exciting 
different portions of the array independently [81].  
 
3.6 Sublimation thermodynamics 
ZnO is one of the materials that congruently evaporates at atmospheric pressure 
before reaching a liquid state. This kind of phase transition is called sublimation. The 
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sublimating materials generate enough vapor pressure at atmospheric pressure that they 
directly transform their phase from solid to gaseous as the temperature is increased. The 
phase transition processes for materials that do not sublimate and the ones that do at 
atmospheric pressure are portrayed in Figure 3.8. These two kinds of materials are termed 
as material type X and Y, respectively, in this figure.  
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Figure 3.8: Phase transitions of two different material types (X and Y) [82].  
Material type X exhibits normal change-of-state behavior on being heated, going 
from solid → liquid → gas. On the other hand, material type Y develops enough vapor 
pressure to vaporize completely at a temperature below its melting point. Hence, it shows 
solid → gas transition only. Thus, material type Y sublimates at atmospheric pressure as 
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its vapor pressure is greater than the atmospheric pressure at the melting point. Material 
type X is also able to sublimate at a reduced environmental pressure (below point B in 
Figure 3.8). ZnO is one of the rare type Y materials [82]. 
 
3.7 ZnO microplasma 
Techniques to produce ZnO microplasmas can lead to various applications. It will 
combine the numerous useful properties of ZnO and those of microplasmas.  
Generation of ZnO plasmas has typically been done using pulsed laser ablation [83]–
[85] to obtain high-quality ZnO thin films and nanomaterials [86]. In this technique, 
focused laser is irradiated on a target material. The laser energy causes evaporation or 
sublimation on the target material which is followed by impact ionization process. As a 
result, the plasma plume is formed which is directed toward a substrate for film deposition.  
We have shown that ZnO microplasmas are obtained when high electrical stress is 
applied using micrometer separated probes on ZnO nano-forests [4]. In the following 
chapters, the underlying mechanism for the plasma formation and further electrical studies 
will be presented in detail.  
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4 | Growth Procedure 
4.1 Phases of growth experiments 
The growth part of this work was done with the Agrios group with the Center for 
Clean Energy Engineering (C2E2) at University of Connecticut. Using the facilities of 
their lab and with the guidance of the graduate students, growth of ZnO nanostructures 
were performed in three phases. During growth phase I, nanorods (NRs) of moderately 
larger diameter (with approximate average of ~500 nm) were achieved. In growth episode 
II, parameters were modified to obtain smaller diameter NRs to observe the effect of NR 
size on the electrical analysis. Growth episode III involved nanorods of both smaller and 
larger sizes as well as the thin films. Based on the quality of growth and success in the 
electrical measurements, growth episode III was found to be the most promising one. In 
this chapter, the step by step growth process followed in episode III will be described.  
Episode Semester Substrates ZnO 
Morphology 
Size (Avg. 
diameter) 
I Spring 2013 Bulk p−-Si, 
p++-poly-Si µ-wire, 
FTO glass. 
Nanorods, 
Nanopetals 
~500 nm 
II Fall 2013 Bulk p−-Si, 
p++-poly-Si µ-wire, 
FTO glass, GST. 
Nanorods, 
Nanopetals 
~50 nm 
III Spring 2014 Bulk p−-Si, 
p++-poly-Si µ-wire, 
FTO glass. 
Nanorods, 
Thin film 
~100 nm 
~500 nm 
Table 4.1: Timeline for the growth phases of the ZnO nanostructures.  
28 
 
a
2 µm
b
2 µm
 
Figure 4.1: ZnO nanopetals grown on aluminum metal pads during phase I (a) and phase II (b). The 
highly conductive aluminum pad passed so high current that no ZnO plasma was produced with 
these nanostructures.  
 
4.2 Growth of ZnO NRs 
Chemical bath deposition (CBD), a low-cost solution-based deposition technique 
[87], [88] was used to grow ZnO NRs on 3 different substrates – commercial fluorine doped 
tin oxide (FTO) glass, highly doped p-type patterned poly-crystalline silicon (p++-poly-Si), 
and lightly doped p-type single crystal silicon (p−-sc-Si). Prior to growth, these substrates 
were cleaned with deionized water, soap solution and ethanol, and then dried with nitrogen. 
The seed solution was then prepared by mixing 0.0457 mg of zinc acetate dihydrate and 50 
ml of ethanol. The top part of the cleaned and dried substrates was drop coated with the 
seed solution. Afterwards, the samples were sintered at 350° C for 30 minutes. The 
precursor solution was prepared by adding 25 mM of zinc nitrate hexahydrate, 25 mM of 
hexamethylenetetramine and 6 mM of polyethyleneimine in water. The sintered samples 
were then carefully dipped into the precursor solution and kept at 90° C for 24 hours 
(Figure 4.2) [6]. 
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Figure 4.2: Schematics of the growth process for ZnO nano-forests – (a) Preparation of the seed 
solution, (b) Drop coating of the seed solution on all the substrates, (c) Sintering at 350°C for 30 
minutes, and (d) Annealing the samples in a precursor solution in an oven at 90°C for 24 hours [6]. 
1 µm 1 µm
1 µm 1 µm 1 µm
1 µm
(a) (b) (c)
(d) (e) (f)
 
Figure 4.3: False colored scanning electron microscope (SEM) images of ZnO NRs with average 
diameter of (a) ~100 nm on FTO glass, (b) ~150 nm on patterned p++-poly-Si, (c) ~100 nm on p−-
sc-Si, (d) ~400 nm on FTO, (e) ~600 nm on p++-poly-Si, (f) ~500 nm on p−-sc-Si [6]. 
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Using two different water concentrations for the seed solution, two different sizes of 
NRs were obtained; one with an approximate average diameter of ~100 nm and the other 
with ~500 nm [89]. Both concentrations led to dense and homogeneous growth of ZnO 
NRs with characteristic wurtzite structure [6]. 
 
4.3 Growth of ZnO thin films 
ZnO thin films were grown using the ‘doctor’s blade’ technique [90] (Figure 4.4) 
on p−-sc-Si, p++-poly-Si, and FTO glass substrates. In this technique, first a ZnO paste was 
prepared. A rectangular hole was made on a scotch tape. The scotch tape was placed on the 
substrate. The substrate was firmly secured on a table top. Two supporting glass slabs were 
also placed in parallel with the substrate on the two sides. Then a big chunk of the ZnO 
paste was dropped at the opening of the scotch tape on the substrate. With a glass rod, the 
ZnO paste was rolled over so that it spreads to the entire hole. At the end, the scotch tape 
was peeled off and we got the desired thin film of ZnO on the substrates.  
Supporting
Glass slabs
Substrate
Glass rod
Table top
ZnO paste
Scotch tape
Rectangular
hole
ZnO paste
 
Figure 4.4: Growth process of the ZnO thin film using Doctor’s blade technique. 
Although the thin films grown on different substrates using this technique were 
greatly non-uniform with several regions with over-growth (Figure 4.5), there were some 
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areas with an approximate size of few micrometers. The electrical measurements were 
performed on these areas. 
5 µm  
Figure 4.5: Scanning electron microscope image of ZnO thin film grown by doctor’s blade 
technique on FTO substrate.  
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5 | Electrical Measurement Setup 
5.1 Atmospheric pressure measurements 
Atmospheric pressure pulse and DC 
measurements were carried out on all 
samples in an Alessi probe station equipped 
with high-precision probe micro-
manipulators and high-magnification optics 
(Figure 5.1). The tungsten probe tips with 
2.4 μm tip radius and 45° angle (Cascade 
Microtech, PTT-24/4-25) were slightly 
slided through the ZnO nanoforest in order 
to ensure good electrical contact (Figure 
5.2a). The probe separation for all electrical 
measurements was ~20 μm. A high-
sensitivity 1080p HD camcorder with a 
frame rate of 60 fps (Sony, HDR-CX160) 
was connected to the microscope head for 
imaging during the measurements [6]. 
a bc
d
e
f
g
 
Figure 5.1: Probe station equipped with: (a) 
high-resolution probe micro-manipulators, (b) 
probes, (c) optical fiber, (d) spectrum 
analyzer, (e) high-magnification optical 
microscope, (f) HD camera, (g) sample (in 
inset). The inset shows the experimental area. 
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Figure 5.2. (a) 3D schematic for the probe arrangement through the ZnO nanorods. (b) Schematic 
of applied single pulse: pulse voltage (Vpulse) with duration τpulse and baseline voltage (Vbase) with 
total duration Ttotal. (c) Experimental setup for the pulse measurements. (d) Experimental setup for 
the DC measurements [6]. 
In order to understand the physical mechanisms that lead to light emission, a 
wideband (200–1100 nm) optical spectrometer with 1 nm resolution (Ocean Optics, 
HR2000+) coupled with an optical fiber was incorporated with the system for spectral 
analysis. The fiber tip was attached to a probe arm and was aligned to the test area using a 
micromanipulator. The dark (background) spectrum of the residual light was acquired and 
subtracted from all spectra acquired during electrical stress. An integration time of 100 ms 
was used for the spectrometer for all measurements. The coaxial cable lengths were 
matched to minimize the difference in phase delay. A black enclosure surrounding the 
whole setup was used and the other room light sources were turned off during the 
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measurements to eliminate ambient light. The measurements were controlled through a 
computer. 
For the pulse experiments, an Agilent 8114A pulse generator was used to apply 
single pulses of different amplitudes (Vpulse = 10-40 V) and durations (τpulse = 1 µs – 100 
ms). A baseline voltage with amplitude of Vbase = 10 V and duration of Ttotal = 10 כ τpulse 
was used before and after the pulse (Figure 5.2b). Before the pulse, Vbase was added to 
make sure that there was no plasma formation during the application of Vbase alone. After 
the pulse, Vbase was added to monitor the current and to slightly prolong the plasma after 
the pulse so that the emitted light could be completely acquired by the camera and spectrum 
analyzer [6]. A LabVIEW program was used for instrument control and data acquisition. 
The applied voltage and resulting current were measured simultaneously using a 
synchronized oscilloscope (Figure 5.2c). 
For the DC analysis, a parameter analyzer Agilent 4145B was used to sweep the 
applied voltage from 0 to 80 V and monitor the resulting current (Figure 5.2d) [6]. The 
electrical resistivity of the bare polysilicon substrate and the sample with ZnO nanorods on 
polysilicon were measured using a four-point probe method. 
 
5.2 Vacuum measurements 
The vacuum measurements were carried out 
in a Janis cryogenic probe station at 2.5 mTorr 
(medium vacuum). DC analysis was performed on 
the sample grown on polysilicon substrate.   
Figure 5.3: Cryogenic probe station.  
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6 | Results and Discussions 
6.1 Hot or cold plasmas for different pulse durations and 
amplitudes 
We were able to control the intensity and wavelength of the emitted light by changing 
the amplitude and duration of the applied pulse voltage. Gradual increase of pulse 
amplitude (Vpulse) at a constant pulse duration (τpulse) gave rise to increased light intensity. 
With a τpulse of 100 µs, the Vpulse was varied from 10 V to 40 V in 10 V steps keeping a base 
voltage (Vbase) of 10 V with the total duration (Ttotal) of 1 ms for the ZnO NRs with average 
diameter of ~100 nm on FTO substrate (Figure 6.1). The smaller amplitudes (10 and 20 V) 
resulted in blue light with low intensity (Figure 6.1a and b) while the higher ones (30 and 
40 V) caused white light with blue glows with an overall increase in intensity (Figure 6.1c 
and d). All the resultant spectra incorporated the spectral lines at 480, 472 and 467 nm (for 
the blue light) corresponding to the atomic electron transitions (AET) in neutral Zn atoms 
[91]. The increase in Vpulse also initiated a broad continuum in the emission spectrum 
between ׽200 and 900 nm corresponding to the white light observed near the positive 
probe (Figure 6.1c and d). The broad continuum can be a result of several processes, such 
as, thermal Bremsstrahlung emission (due to free-free electron transitions), recombination 
from different trap sites [46], and black body radiation [92]. Melting of the positive probe 
was also noticed in the high-amplitude cases (Figure 6.1c and d), which indicates a very 
high gas temperature (greater than the melting point of tungsten at 3422°C) [6]. 
36 
 
10
20
30
40
0.0 0.2 0.4 0.6 0.8 1.0
0
100
200
V
 (V
)
 Voltage
I (
m
A
)
Time (ms)
 Current
200 400 600 800 1000
0
100
200
300
In
te
ns
ity
 (a
rb
.u
.)
Wavelength (nm)
Zn I
}
(a)
~0.475 mA
}
+−
20 µm
+−
20 µm
10
20
30
40
0.0 0.2 0.4 0.6 0.8 1.0
0
100
200
V
 (V
)
I (
m
A
)
Time (ms)
200 400 600 800 1000
0
200
400
600
Zn I O IV
Zn IIIn
te
ns
ity
 (a
rb
.u
.)
Wavelength (nm)
Zn I
 Voltage
 Current
(b)
+−
20 µm
+−
20 µm
0.0 0.2 0.4 0.6 0.8 1.0
0
100
200
10
20
30
40
V
 (V
)
I (
m
A
)
Time (ms)
200 400 600 800 1000
0
2000
4000
6000
Zn IO
 IV
Zn
 II
Z
n 
I
In
te
ns
ity
 (a
rb
.u
.)
Wavelength (nm)
Zn I
Zn II
O III
 Voltage
 Current
(c)
+−
20 µm
+−
20 µm
10
20
30
40
0.0 0.2 0.4 0.6 0.8 1.0
0
100
200
V
 (V
)
I (
m
A
)
Time (ms)
200 400 600 800 1000
0
4000
8000
12000
In
te
ns
ity
 (a
rb
.u
.)
Wavelength (nm)
O III
Zn II
Zn
 I
O IV
Zn II
Zn I
Zn I
 Voltage
 Current
(d)
+−
20 µm
+−
20 µm
 
Figure 6.1: Pulse experiments through ZnO NRs (average diameter of ׽100 nm) on FTO glass 
substrate with τpulse = 100 μs, Ttotal = 1 ms, Vbase = 10 V. Vpulse was increased from 10 V to 40 V in 
10 V steps (10 V in a, 20 V in b, 30 V in c, 40 V in d). The probe separation was kept ׽20 μm and 
the spectrometer integration time was maintained at 100 ms for all measurements. Applied voltages 
and resulting currents versus time (1st row). Optical emission spectra (2nd row). Video frames of 
the light emission (3rd row). Optical micrographs of the test areas after the electrical stress (4th row) 
[6].   
The overall high light intensity, high degree of ionization, introduction of broad-
spectrum and probe melting in the high-amplitude cases (Figure 6.1c and d) indicate these 
are hot plasmas (with high gas temperature). On the other hand, the low degree of 
ionization, absence of the white broad continuum and negligible probe melting in the low 
amplitude cases (Figure 6.1a and b) suggest cold plasmas. For the cold ZnO plasmas, the 
gas temperature may be as low as the sublimation temperature of ZnO (318°C for zinc face 
and 600°C for the oxygen face, and ׽1975◦ C for decomposition into zinc vapor and 
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oxygen gas) [93]. Further experiments are required to probe the gas temperatures of these 
hot and cold plasmas [6]. 
The pulse duration also affected the characteristics of the generated plasmas. Single 
pulses of three different durations (τpulse = 1, 10 and 100 μs) were applied on the same 
sample of ZnO nano-forests on FTO glass substrate (Figure 6.2). For each case, the 
minimum voltage required to initiate the plasma (VBDmin) was monitored. It was observed 
that shorter pulses required higher pulse amplitudes for plasma generation. For instance, 
while a 100 μs, 10 V pulse led to plasma generation (Figure 6.2a), a 10 μs pulse required 
an amplitude of 24 V (Figure 6.2b), and a 1 μs pulse required 45 V (Figure 6.2c). For each 
case, VBDmin resulted in low intensity blue light (or cold ZnO plasma) and any applied 
voltage below VBDmin did not lead to any observable light emission. 
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Figure 6.2. Example video frames and current and voltage versus time graphs for cold ZnO plasmas 
with characteristic blue light emission. The pulse measurements were carried out through ZnO NRs 
(with average diameter of ~100 nm) on FTO glass substrate with Vbase = 10 V and (a) Vpulse = 10 V, 
τpulse = 100 µs, Ttotal = 1 ms; (b) Vpulse = 24 V, τpulse = 10 µs, Ttotal = 100 µs; (c) Vpulse = 45 V, τpulse = 
1 µs, Ttotal = 10 µs. Higher voltage amplitudes were required at lower pulse durations to accomplish 
the plasma breakdown [6]. 
38 
 
Cold ZnO plasmas or 
blue emissions were 
therefore generated with τpulse 
of 1-100 μs and Vpulse of 10-
45 V for the NRs with 
diameter of ׽100 nm on 
FTO glass substrate. Longer 
pulse durations did not lead 
to blue emissions – the 
smallest voltage of Vpulse = 0 
V (with Vbase = 10 V) resulted 
directly in the high intensity 
white light with the broad-
spectrum and probe melting 
– whereas shorter pulse 
durations did not lead to 
plasma generation until the 
minimum required 
amplitudes (VBDmin) applied 
(Table 6.1) [6].   
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Figure 6.3: (a) Optical emission spectrum of a hot plasma 
generated through ZnO NRs with diameter of ׽100 nm on 
FTO glass substrate with a Vpulse = 40 V, Vbase = 10 V, τpulse = 
1 ms and Ttotal = 10 ms. The inset shows the corresponding 
image of the white light emission. (b)–(e) optical images 
showing the melting of the positive probe (as indicated by the 
yellow dashed circle) while applying three consecutive single 
pulse voltages of Vpulse = 50 V and τpulse = 10 ms. 
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6.2 Substrate effect on plasma generation 
Pulse duration 
(τpulse) 
Required VBDmin = Vpulse + Vbase 
On FTO 
(2.4×10−4 Ωcm) 
On p++-poly-Si 
(2.3×10−2 Ωcm) 
On bulk p-Si 
(20 Ωcm) 
100 ms N/A‡ 25V + 10V 50V + 10V 
100 µs 9V + 10V N/A* N/A* 
10 µs 19V + 10V N/A* N/A* 
Table 6.1. Comparison of the minimum applied voltages required for triggering plasma generation 
(VBDmin) for different τpulse on different substrates (with corresponding resistivity values of the bare 
substrates). ZnO NRs of larger size (׽500 nm average diameter) were used for this analysis. 
‡The sample on FTO substrate did not lead to blue emission for any τpulse > 100 µs even with a 
smallest applied voltage of Vpulse = 0 V and Vbase = 10 V. 
*The samples on silicon substrates cannot generate any plasma for a τpulse < 100 ms [6]. 
The pulse measurements were also conducted with the samples grown on p++-poly-
Si and p−-sc-Si substrates. For ZnO NRs on silicon, plasma generation required pulses of 
at least 100 ms duration whereas for those on FTO glass pulses as short as 1 μs were 
sufficient (Table 6.1). A comparison of the required VBDmin for the samples on these three 
substrates was carried out with the ZnO NRs of larger diameters (׽500 nm) (Table 6.1). 
Such comparison could not be made with the smaller size NRs (of ׽100 nm) as the samples 
of smaller NRs on silicon substrates could barely emit light (with up to 100 ms, 50 V 
pulses) and appear to require even higher energies for plasma generation. The electrical 
conductivity of the substrates, which determines the conduction paths through the 
nanoforests, appears to play a critical role on the plasma generation. The highest 
conductivity substrate, FTO, results in the easiest plasma formation (Table 6.1). This was 
also observed under DC sweeps from 0 to 80 V which show overall smallest resistance and 
breakdown voltage for the ZnO nanoforests on FTO glass (Figure 6.4) [6].   
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Figure 6.4: DC sweep analysis of 0-80 V on the NRs of larger size (׽500 nm average diameter) on 
the 3 substrates. The NRs on FTO glass substrate exhibits lowest initial resistance whereas that on 
p−-sc-Si shows the highest. A compliance current of 50 mA was set in the parameter analyzer for 
safety purpose [6]. 
 
6.3 Role of Base Voltage 
 For the pulse measurement analysis, a Vbase was added to the Vpulse. The duration of 
the Vbase was maintained to be 10 times longer than that of the Vpulse for all the pulse 
experiments (Ttotal = 10 * τpulse). The Vbase was supplemented in order to prolong the 
plasmas generated during the high amplitude brief Vpulse for a slightly longer time so that 
the camera and spectrum analyzer could successfully record the data.  
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In order to check the effect of this Vbase 
on the plasma generated, measurements were 
performed where the Vpulse were applied with 
and without the Vbase. The role of Vbase turned 
out to be almost insignificant during the 
generation of the cold ZnO plasmas. 
However, the effect of Vbase was found to be 
noticeable in the hot ZnO plasma generation 
cases. 
Time
τpulse
Vpulse
Vbase
Voltage
Ttotal
 
Figure 6.5: Applied pulse voltage for the pulse 
measurement analysis appended with a longer 
base voltage of smaller amplitude.  
In the sample with ~100 nm ZnO NRs on FTO glass, a pulse measurement analysis 
was carried out keeping a τpulse of 10 ms with a Vpulse of 15 V and this was added with a 
Vbase of 15 V for a Ttotal of 100 ms (Figure 6.6a).  Another measurement was conducted on 
the same sample excluding the Vbase and keeping a Vpulse of 30 V with the same τpulse (Figure 
6.6e). The spectrum for the case without Vbase exhibited a higher overall intensity (Figure 
6.6 d and h) as well as greater Stark broadening (inset of Figure 6.6 d and h) indicating a 
higher plasma temperature [94].  
As a result, adding a base voltage of longer duration with the pulse voltage was not 
only beneficial for capturing the video and spectrum of the emission properly but was also 
found to be advantageous to keep the gas temperature down by reducing Stark broadening 
effect.  
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With Vbase:
 Vpulse = 15 V, Vbase= 15 V, 
τpulse = 10 ms, Ttotal = 100 ms
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Figure 6.6: Hot plasma generation by pulse measurement analysis with (a-d) and without (e-h) Vbase. 
The pulse parameters (a, e), video frames (b, f), optical microscope images after the pulse analysis 
(c, g) and the corresponding spectra (d, h) for the cases with and without Vbase, respectively.  
 
6.4 Thin film Experiment 
The pulse experiments performed on the ZnO thin films grown by doctor’s blade 
technique also resulted in intense light emission. The corresponding spectrum consisted of 
a dominant spectral peak at ~590 nm which surpassed the triplet in blue range for the 
atomic transition of neutral zinc.  As a result, the emitted light was yellowish in color. 
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Figure 6.7: Optical emission spectrum of the emitted light from ZnO thin film grown on FTO 
substrate. The applied τpulse = 1 ms, Vpulse = 20 V, Vbase= 10 V, and Ttotal = 10 ms. The inset shows 
the optical microscope image of the experimental area.  
Hence, nanorods, thin films or any other morphologies of ZnO can produce light 
emission by plasma generation using the high voltage stress technique.  
 
6.5 Nanomaterial Synthesis 
The generation of ZnO plasma by high electrical stress through the ZnO nanoforests 
resulted in sputtering of nanomaterials with large surface area on the neighboring regions 
(Figure 6.8). Different pulse amplitudes, durations, and different substrates gave rise to 
sputtering of different shape and size nanostructures over the ZnO NRs. These resemble 
‘nano-sprinkles’ on ZnO NRs on p++-poly- Si (Figure 6.8a), ‘nano-flowers’ on ZnO NRs 
on FTO glass (Figure 6.8b), and ‘nano-flowers’ and ‘nano-cauliflowers’ on ZnO NRs on 
p−-sc-Si (Figure 6.8c-f). A single pulse of τpulse = 100 ms and Vpulse = 50V through the ZnO 
NRs on p++-poly-Si resulted in the ‘nano-sprinkles’ shown in Figure 6.8(a). The ‘nano-
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flowers’ on ZnO NRs on FTO glass (Figure 6.8b) were produced by applying a single pulse 
of τpulse = 100 μs, Vpulse = 40V, Vbase = 10 V, Ttotal = 1 ms. The larger surface-area 
nanostructures shown in Figure 6.8(c-f) were formed after the repeated application of 
multiple single pulses of τpulse = 100 ms, Vpulse = 50V, Vbase = 10 V, Ttotal = 1 s through the 
ZnO NRs on p−-sc-Si [6]. 
 
Element Weight 
% 
Atomic 
% 
Zinc (Zn) 54.02 27.98 
Oxygen (O) 23.48 49.69 
Silicon (Si) 17.81 21.47 
Tungsten (W) 4.69 0.86 
 
 
Element Weight 
% 
Atomic 
% 
Zinc (Zn) 67.81 43.01 
Oxygen (O) 20.91 54.18 
Tungsten 
(W) 
9.15 2.06 
Tin (Sn) 2.12 0.74 
 
Table 6.2: EDX studies on the sputtered material deposited by plasma generation through ZnO 
nanorods of the larger diameter on p−-sc-Si (left) and FTO glass (right) substrates (the 
corresponding SEM images are shown above the tables). 
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Figure 6.8: False colored scanning electron micrographs of ZnO nanostructures sputtered over the 
ZnO nanorods in the test areas during plasma generation: ‘nano-sprinkles’ on ZnO NRs on p++-
poly-Si (a), ‘nano-flowers’ on ZnO NRs on FTO glass (b), and ‘nano-flowers’ and ‘nano-
cauliflowers’ on ZnO NRs on p−-sc-Si (c–f) [6].   
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 Energy dispersive x-ray spectroscopy (EDX) was carried out on the sputtered area 
to obtain the elemental composition of the sputtered material. The results showed ׽80-
90% (percentage of weight) of ZnO in the sputtered material (Table 6.2) [6].  
The nano-flowers and especially the nano-cauliflowers of ZnO provide larger 
surface area.  This process of nanomaterial synthesis can be used to increase the efficiency 
of the ZnO nanostructure-based dye sensitized solar cells (DSSCs) [95]. Larger surface 
area enhances the adhesion of light harvesting molecules and thereby improves efficiency 
of these solar cells [96].  
ZnO target material
Substrate
ZnO nanorods
ZnO
plasma
plume
Probes
ZnO nano-
cauliflowers
 
Figure 6.9: Possible arrangement for sputtering deposition of ZnO nanoflowers or nanocauliflowers 
throughout an entire sample through plasma generation by high electrical stress on the target. 
Hence, the plasma generation technique with high electrical stress through ZnO 
nanorods can be utilized to sputter different shapes of nanostructures with larger surface 
area. Incorporation of an effective deposition arrangement with this technique can result in 
uniform sputtering of these nanostructures throughout an entire sample. A material 
deposition setup similar to the pulsed laser deposition (PLD) technique can be adapted here 
[97]. Instead of using a high-power pulsed laser beam on the target material, high electrical 
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stress needs to be applied on the target material to generate a plasma plume directed toward 
an upside-down substrate.  
 
6.6 Mechanisms for plasma formation 
The underlying mechanism of the plasma formation process in ZnO nanoforest 
grown on polysilicon substrate (Figure 6.10) is essential to understand for proper 
applications. In this section, our hypothesis on this process is described briefly.  
Probes
ZnO nanorods
~15 µm +− 
Polysilicon substrate
 
Figure 6.10: 2D schematic of the probe arrangement across the ZnO nanorods grown on polysilicon 
substrate. 
Since the ZnO nanoforest material has relatively weak mechanical properties and 
adhesion to the substrate, probing with tungsten tips causes some shifting of this material 
and hence, the probes are likely to touch both ZnO and the polysilicon substrate. The room-
temperature electrical resistivity of the ZnO nanoforest on highly doped polysilicon is ~6.8 
Ω·cm and that of the highly doped polysilicon substrate itself is ~0.02 Ω·cm. Therefore, 
the current is expected to mostly flow through the polysilicon substrate, at least in the 
beginning when the temperature is low. As the temperature increases, due to Joule heating, 
the current paths will change depending on the temperature dependence of the resistivity 
of these two materials. Due to the large difference in resistivity, however, it is likely that 
the current flows mostly through the polysilicon substrate until the electrical breakdown of 
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air or the ZnO nanorods occurs under the high fields and lower resistivity paths open 
through the ZnO nanoforest [4]. 
Because of the geometrical nonuniformity of the ZnO nanoforest, the electrical 
resistance and electric field distribution between two probes are also nonuniform. 
Therefore, some segments along the current flow path are likely to undergo dielectric 
breakdown and joule heating earlier than others. The joule heating in turn results in 
sublimation of ZnO into Zn vapor and O2 gas and melting of the polysilicon substrate. 
Thus, different regions between the two probes are expected to experience these thermal 
changes in a sequential fashion [4]. 
Typically, 3.4 eV emission (UV light) is expected from ZnO if conduction band to 
valance band recombination is the dominant mechanism. White light can also be emitted 
from the ZnO structures as the excited carriers trickle down from the conduction band to 
valance band through multiple defect levels or because of the optical excitation of materials 
by the ultraviolet source [18]. Blue light has been previously observed from ZnO-based 
homojunction LEDs, where it is attributed to donor–acceptor pair recombination in the p-
type ZnO layer [23] and also from n-ZnO/p-GaN heterojunction LEDs [98]. The 
coexistence of electroluminescence and Fabry–Pérot oscillations has also been suggested 
as the possible mechanism for blue–white emission from ZnO-based homojunction LEDs 
[99]. 
In our case, the existence of fine lines in the optical emission spectra indicates 
generation of a plasma by the dielectric breakdown of air between the ZnO nanorods and 
of the breakdown of the ZnO structures themselves, leading to sublimation and plasma 
formation in the ZnO nanoforest [4]. 
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The broad-spectrum (white light) emission (Figure 1.5) can be ascribed to the free–
free electron transitions in the plasma, the electronic excitations within solid ZnO and/or 
energy loss through multiple transitions with a very broad-spectrum of trap levels [46]. 
Blackbody radiation may also contribute to the broad-spectrum, white light emission but 
the spectral distribution is distinctly different than what is expected from blackbody 
radiation alone [4]. 
 
6.7 Comparison of Vacuum and atmospheric pressure 
measurements 
Figure 6.11a shows DC voltage sweep measurement results performed in vacuum 
and at atmospheric pressure with a probe separation of ~10 μm on the ZnO nanorods grown 
on two adjacent polysilicon microstructures of very similar dimensions (length of 2.5 μm 
and width of 2.1 and 2.15 μm). The resulting I–V characteristics showed breakdown 
voltages at around 35 and 49 V at vacuum and atmospheric pressure, respectively [4]. At 
lower pressure and lower temperature, smaller applied electrical energy lead to sufficient 
vapor pressure to initiate the sublimation process [82]. 
The resulting light emission consisted of multiple flashes for the DC measurements 
both in vacuum and at atmospheric pressure. However, the light flashes in the atmospheric 
pressure measurements were more intense, whiter, and occurred over a broader area as 
compared to those in vacuum (Figure 6.11b–g) [4]. 
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Figure 6.11: (a) I–V characteristics for two DC voltage sweep measurements from 0–60 V 
performed in vacuum (red) and at atmospheric pressure (black). These measurements were 
performed on ZnO nanorods grown on two different polysilicon microstructures of very similar 
dimensions. (b–g) Video frames extracted from a high-resolution camera recording for the 
corresponding light emission for the DC measurements at atmospheric pressure (b–d) and in 
vacuum (e–g) [4].  
The observation of light emission in vacuum implies that breakdown in ZnO, 
sublimation, and subsequent impact ionization are sufficient for the plasma formation 
process in the ZnO nanoforest, and hence, air breakdown is not required to initiate the 
plasma formation process [4]. 
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7 | Conclusion 
ZnO microplasmas were generated at atmospheric pressure by applying high electrical 
stress through ZnO nano-forests. The intensity and characteristics of the microplasmas and 
emitted light were adjusted to a certain degree by the amplitude and duration of the applied 
voltage pulses. Significant differences were also observed in the electrical conditions 
required for plasma generation for ZnO nano-forests grown on different substrates (highly 
doped polycrystalline silicon, lightly doped single-crystal silicon and FTO glass). The 
highest electrical conductivity substrate, FTO, resulted in easiest plasma formation and 
control of the plasma characteristics with the voltage pulse parameters. Both hot and cold 
microplasmas could be obtained with ZnO nanoforests on FTO glass. Very high white light 
intensity, high degree of ionization, a broad-spectrum and probe melting indicate hot 
plasmas whereas lower intensity blue light, low degree of ionization, absence of a broad 
continuum and no evidence of probe melting suggest colder plasmas. In addition to the 
electrical conductivity, the chemical composition and the surface properties of different 
substrates may also play a role in the differences observed in the microplasma formation.  
Such cold ZnO microplasmas may find applications in numerous biomedical 
procedures whereas hot ZnO microplasmas may be useful for lighting and display device 
technologies as well as for nanomaterials synthesis or processing. The large surface area 
ZnO nanostructures sputtered in the vicinity of the microplasmas may also be promising to 
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increase the efficiency of a variety of sensing or catalytic technologies including dye 
sensitized solar cells [6].  
The comparison between the results obtained from vacuum and atmospheric 
pressure measurements also indicate a plasma process as the dominant mechanism for light 
emission. The confinement of the plasma within a micro-chamber to contain the evaporated 
material [100] together with integrated electrodes may lead to a sustainable plasma state 
that could be tailored for various applications. 
Even though many reports on light emission from ZnO refer to solid-state 
electroluminescence from homojunction or heterojunction structures, our results show that 
plasma formation can also take place with comparable electric fields and currents and can 
lead to blue and white light emission [4]. 
 
 
 
 
 
 
 
 
 
 
 
 
53 
 
 
8 | Reference 
[1] G. Bakan, N. Khan, H. Silva, and A. Gokirmak, “High-temperature thermoelectric transport 
at small scales: Thermal generation, transport and recombination of minority carriers,” Sci. 
Rep., vol. 3, no. 5, p. 2724, 2013, doi: 10.1038/srep02724. 
[2] G. Bakan, A. Cywar, H. Silva, and A. Gokirmak, “Melting and crystallization of 
nanocrystalline silicon microwires through rapid self-heating,” Appl. Phys. Lett., vol. 94, 
no. 25, p. 251910, Jun. 2009, doi: 10.1063/1.3159877. 
[3] L. Lucera, “Light Emission from Zinc Oxide Nanoforest Plasma,” Master’s Theses, Paper 
311, University of Connecticut, Storrs, CT, 2012. 
[4] N. Noor, L. Lucera, T. Capuano, V. Manthina, A. G. Agrios, H. Silva, and A. Gokirmak, 
“Blue and white light emission from zinc oxide nanoforests,” Beilstein J. Nanotechnol., vol. 
6, no. 1, pp. 2463–2469, Dec. 2015, doi: 10.3762/bjnano.6.255. 
[5] L. Lucera, L. Adnane, K. Cil, V. Manthina, A. Agrios, H. Silva, and A. Gokirmak, “Light 
emission from electrically stressed ZnO nanorods,” APS Meeting Abstracts. p. 28014, 2012. 
[6] N. Noor, V. Manthina, K. Cil, L. Adnane, A. G. Agrios, A. Gokirmak, and H. Silva, 
“Atmospheric pressure microplasmas in ZnO nanoforests under high voltage stress,” AIP 
Adv., vol. 5, no. 9, p. 97212, 2015. 
[7] N. Noor, T. Capuano, V. Manthina, H. Silva, A. G. Agrios, and A. Gokirmak, “Plasma in a 
ZnO Nano-Forest: Electrical Discharge, and Blue and White Light Emission,” in 8th 
International Workshop on Zinc Oxide and Related Materials (IWZnO 2014), Niagara Fall, 
ON, Canada, September 7-11, 2014. 
[8] N. Noor, V. Manthina, H. Silva, A. G. Agrios, and A. Gokirmak, “Blue and White Light 
Emission from ZnO Nanoforests,” in 2014 Materials Research Society Fall Meeting and 
Exhibit, Boston, MA, USA, November 30 – December 5, 2014. 
[9] N. Noor, V. Manthina, K. Cil, A. G. Agrios, H. Silva, and A. Gokirmak, “Blue and White 
Light Emission from ZnO Nanoforest Microplasmas,” in 24th Annual CMOC Symposium, 
54 
 
Bridgeport, CT, USA, April 1, 2015. 
 [10] B. Vinitha, K. Manzoor, R. S. Ajimsha, P. M. Aneesh, and M. K. Jayaraj, “Synthesis of 
Highly Luminescent, Bio‐Compatible ZnO Quantum Dots Doped with Na,” Synth. React. 
Inorg. Met. Chem., vol. 38, no. 2, pp. 126–131, 2008. 
[11] Z. L. Wang, “Nanostructures of zinc oxide,” Mater. today, vol. 7, no. 6, pp. 26–33, 2004. 
[12] L. Zhang, Y. Jiang, Y. Ding, M. Povey, and D. York, “Investigation into the antibacterial 
behaviour of suspensions of ZnO nanoparticles (ZnO nanofluids),” J. Nanoparticle Res., 
vol. 9, no. 3, pp. 479–489, May 2007, doi: 10.1007/s11051-006-9150-1. 
[13] D. C. Look, D. C. Reynolds, J. R. Sizelove, R. L. Jones, C. W. Litton, G. Cantwell, and W. 
C. Harsch, “Electrical properties of bulk ZnO,” Solid State Commun., vol. 105, no. 6, pp. 
399–401, Feb. 1998, doi: 10.1016/S0038-1098(97)10145-4. 
[14] U. Ozgur, D. Hofstetter, H. Morkoc, U. Özgür, D. Hofstetter, and H. Morkoç, “ZnO devices 
and applications: a review of current status and future prospects,” Proc. IEEE, vol. 98, no. 
7, pp. 1255–1268, 2010. 
[15] D. M. Bagnall, Y. F. Chen, Z. Zhu, T. Yao, S. Koyama, M. Y. Shen, and T. Goto, “Optically 
pumped lasing of ZnO at room temperature,” Appl. Phys. Lett., vol. 70, no. 17, pp. 2230–
2232, Apr. 1997, doi: 10.1063/1.118824. 
[16] J. B. Baxter and E. S. Aydil, “Dye-sensitized solar cells based on semiconductor 
morphologies with ZnO nanowires,” Sol. Energy Mater. Sol. Cells, vol. 90, no. 5, pp. 607–
622, 2006. 
[17] Y. F. Hsu, Y. Y. Xi, C. T. Yip, A. B. Djurisic, and W. K. Chan, “Dye-sensitized solar cells 
using ZnO tetrapods,” J. Appl. Phys., vol. 103, no. 8, p. 83114, 2008, doi: 
10.1063/1.2909907. 
[18] Y. Ryu, T. S. Lee, J. A. Lubguban, H. W. White, B. J. Kim, Y. S. Park, and C. J. Youn, 
“Next generation of oxide photonic devices: ZnO-based ultraviolet light emitting diodes,” 
Appl.Phys.Lett., vol. 88, p. 241108, 2006. 
[19] M. Purica, E. Budianu, and E. Rusu, “ZnO thin films on semiconductor substrate for large 
area photodetector applications,” Thin Solid Films, vol. 383, no. 1, pp. 284–286, 2001. 
[20] R. L. Hoffman, B. J. Norris, and J. F. Wager, “ZnO-based transparent thin-film transistors,” 
Appl. Phys. Lett., vol. 82, no. 5, pp. 733–735, 2003. 
55 
 
[21] C. H. Lin, B.-S. Chiou, C. H. Chang, and J. D. Lin, “Preparation and cathodoluminescence 
of ZnO phosphor,” Mater. Chem. Phys., vol. 77, no. 3, pp. 647–654, 2003. 
[22] Ü. Özgür, Y. I. Alivov, C. Liu, A. Teke, Ma. A. Reshchikov, S. Doğan, V. Avrutin, S.-J. 
Cho, and H. Morkoc, “A comprehensive review of ZnO materials and devices,” J. Appl. 
Phys., vol. 98, no. 4, p. 41301, 2005. 
[23] A. Tsukazaki, M. Kubota, A. Ohtomo, T. Onuma, K. Ohtani, H. Ohno, S. F. Chichibu, and 
M. Kawasaki, “Blue light-emitting diode based on ZnO,” Jpn. J. Appl. Phys., vol. 44, no. 
5L, p. L643, 2005. 
[24] H. Guo, Z. Lin, Z. Feng, L. Lin, and J. Zhou, “White-light-emitting diode based on ZnO 
nanotubes,” J. Phys. Chem. C, vol. 113, no. 28, pp. 12546–12550, 2009. 
[25] D. F. Anthrop and A. W. Searcy, “Sublimation and thermodynamic properties of zinc 
oxide,” J. Phys. Chem., vol. 68, no. 8, pp. 2335–2342, 1964. 
[26] D. Kohl, M. Henzler, and G. Heiland, “Low temperature sublimation processes from clean 
cleaved polar surfaces of zinc oxide crystals during first heating,” Surf. Sci., vol. 41, no. 2, 
pp. 403–411, 1974. 
[27] Q. F. Zhou, C. Sharp, J. M. Cannata, K. K. Shung, G. H. Feng, and E. S. Kim, “Self-focused 
high frequency ultrasonic transducers based on ZnO piezoelectric films,” Appl. Phys. Lett., 
vol. 90, no. 11, pp. 113502–113503, 2007. 
[28] C. R. Gorla, N. W. Emanetoglu, S. Liang, W. E. Mayo, Y. Lu, M. Wraback, and H. Shen, 
“Structural, optical, and surface acoustic wave properties of epitaxial ZnO films grown on 
(011 2) sapphire by metalorganic chemical vapor deposition,” J. Appl. Phys., vol. 85, no. 5, 
pp. 2595–2602, 1999. 
[29] M.-W. Ahn, K.-S. Park, J.-H. Heo, J.-G. Park, D.-W. Kim, K. J. Choi, J.-H. Lee, and S.-H. 
Hong, “Gas sensing properties of defect-controlled ZnO-nanowire gas sensor,” Appl. Phys. 
Lett., vol. 93, no. 26, p. 263103, 2008. 
[30] Z. L. Wang and J. Song, “Piezoelectric nanogenerators based on zinc oxide nanowire 
arrays.,” Science, vol. 312, no. 5771, pp. 242–6, Apr. 2006, doi: 10.1126/science.1124005. 
[31] C. Liu, F. Yun, and H. Morkoc, “Ferromagnetism of ZnO and GaN: A review,” J. Mater. 
Sci. Mater. Electron., vol. 16, no. 9, pp. 555–597, 2005. 
[32] A. D. Wilson and R. F. Batchelor, “Zinc oxide-eugenol cements: II. Study of erosion and 
disintegration,” J. Dent. Res., vol. 49, no. 3, pp. 593–598, 1970. 
56 
 
[33] A. K. Gupta and A. R. Skinner, “Management of diaper dermatitis,” Int. J. Dermatol., vol. 
43, no. 11, pp. 830–834, 2004. 
[34] M. D. Newman, M. Stotland, and J. I. Ellis, “The safety of nanosized particles in titanium 
dioxide–and zinc oxide–based sunscreens,” J. Am. Acad. Dermatol., vol. 61, no. 4, pp. 685–
692, 2009. 
[35] J. W. Rasmussen, E. Martinez, P. Louka, and D. G. Wingett, “Zinc oxide nanoparticles for 
selective destruction of tumor cells and potential for drug delivery applications,” Expert 
Opin. Drug Deliv., vol. 7, no. 9, pp. 1063–1077, 2010. 
[36] N. Noor, V. Manthina, S. Muneer, A. Agrios, A. Gokirmak, and H. Silva, “ZnO Nanoforest 
Optical PUFs,” in 2018 Materials Research Society (MRS) Fall Meeting and Exhibits, 
Boston, MA, USA, November 25-30 2018. 
 [37] H. Morkoç and Ü. Özgür, Zinc oxide: fundamentals, materials and device technology. John 
Wiley & Sons, 2008. 
[38] S. Desgreniers, “High-density phases of ZnO: Structural and compressive parameters,” 
Phys. Rev. B, vol. 58, no. 21, p. 14102, 1998. 
[39] J.-H. Ryou, P. D. Yoder, J. Liu, Z. Lochner, H. Kim, S. Choi, H. J. Kim, and R. D. Dupuis, 
“Control of quantum-confined stark effect in InGaN-based quantum wells,” Sel. Top. 
Quantum Electron. IEEE J., vol. 15, no. 4, pp. 1080–1091, 2009. 
[40] R. M. Pasquarelli, D. S. Ginley, and R. O’Hayre, “Solution processing of transparent 
conductors: from flask to film,” Chem. Soc. Rev., vol. 40, no. 11, pp. 5406–5441, 2011. 
[41] A. Janotti and C. G. Van de Walle, “Native point defects in ZnO,” Phys. Rev. B, vol. 76, no. 
16, p. 165202, 2007. 
[42] C. G. Van de Walle, “Hydrogen as a cause of doping in zinc oxide,” Phys. Rev. Lett., vol. 
85, no. 5, p. 1012, 2000. 
[43] L. Bergman and J. L. McHale, Handbook of luminescent semiconductor materials. CRC 
Press, 2012. 
[44] C. H. Park, S. B. Zhang, and S.-H. Wei, “Origin of p-type doping difficulty in ZnO: The 
impurity perspective,” Phys. Rev. B, vol. 66, no. 7, p. 73202, 2002. 
[45] H. Morkoc, J.-I. Chyi, A. Krost, Y. Nanishi, and D. J. Silversmith, “Challenges and 
Opportunities in GaN and ZnO Devices and Materials [Scanning the Issue],” Proc. IEEE, 
57 
 
vol. 98, no. 7, pp. 1113–1117, 2010. 
[46] M. Willander, O. Nur, J. R. Sadaf, M. I. Qadir, S. Zaman, A. Zainelabdin, N. Bano, and I. 
Hussain, “Luminescence from zinc oxide nanostructures and polymers and their hybrid 
devices,” Materials (Basel)., vol. 3, no. 4, pp. 2643–2667, 2010. 
[47] F. C. Porter, Zinc handbook: properties, processing, and use in design. CRC Press, 1991. 
[48] A. Dal Corso, M. Posternak, R. Resta, and A. Baldereschi, “Ab initio study of 
piezoelectricity and spontaneous polarization in ZnO,” Phys. Rev. B, vol. 50, no. 15, p. 
10715, 1994. 
[49] J. L. Gomez and O. Tigli, “Zinc oxide nanostructures: from growth to application,” J. Mater. 
Sci., vol. 48, no. 2, pp. 612–624, 2013. 
[50] K. Markowitz, M. Moynihan, M. Liu, and S. Kim, “Biologic properties of eugenol and zinc 
oxide-eugenol: A clinically oriented review,” Oral surgery, oral Med. oral Pathol., vol. 73, 
no. 6, pp. 729–737, 1992. 
[51] J. Vromen, “Micronized zinc oxide skin protector formulation,” 2003. 
[52] K. H. Myburgh, C. L. Vaughan, and S. K. Isaacs, “The effects of ankle guards and taping 
on joint motion before, during, and after a squash match,” Am. J. Sports Med., vol. 12, no. 
6, pp. 441–446, 1984. 
[53] M. A. Mitchnick, D. Fairhurst, and S. R. Pinnell, “Microfine zinc oxide (Z-cote) as a 
photostable UVA/UVB sunblock agent,” J. Am. Acad. Dermatol., vol. 40, no. 1, pp. 85–90, 
1999. 
[54] F. F. Chen and M. A. Lieberman, Introduction to plasma physics and controlled 
fusion/Francis F. : Plenum Press, New York, 1984. 
[55] M. I. Boulos, P. Fauchais, and E. Pfender, Thermal plasmas : fundamentals and 
applications. . 
[56] P. A. Sturrock, Plasma Physics: An Introduction to the Theory of Astrophysical, 
Geophysical and Laboratory Plasmas. Cambridge University Press, 1994. 
[57] P. M. Bellan, Fundamentals of Plasma Physics. 2006. 
[58] M. A. Lieberman, A. J. Lichtenberg, J. Wiley, and E. L. Wolf, “Principles of Plasma 
Discharges and Materials Processing, 2nd Edition Nanophysics and Nanotechnology: An 
Introduction to Modern Concepts in Nanoscience,” MRS Bull. • Vol., vol. 30, p. 899, 2019, 
58 
 
doi: 10.1557/mrs2005.242. 
[59] B. A. Niemira, “Cold Plasma Decontamination of Foods*,” Annu. Rev. Food Sci. Technol., 
vol. 3, pp. 125–142, 2012. 
[60] R. E. J. Sladek, E. Stoffels, R. Walraven, P. J. A. Tielbeek, and R. A. Koolhoven, “Plasma 
treatment of dental cavities: a feasibility study,” Plasma Sci. IEEE Trans., vol. 32, no. 4, 
pp. 1540–1543, 2004. 
[61] J. Goree, B. Liu, D. Drake, and E. Stoffels, “Killing of S. mutans bacteria using a plasma 
needle at atmospheric pressure,” Plasma Sci. IEEE Trans., vol. 34, no. 4, pp. 1317–1324, 
2006. 
[62] M. Laroussi, Plasma medicine: applications of low-temperature gas plasmas in medicine 
and biology. 2012. 
[63] G. E. Morfill, T. Shimizu, B. Steffes, and H. U. Schmidt, “Nosocomial infections—a new 
approach towards preventive medicine using plasmas,” New J. Phys., vol. 11, no. 11, p. 
115019, 2009. 
[64] M. Laroussi and X. Lu, “Room-temperature atmospheric pressure plasma plume for 
biomedical applications,” Appl. Phys. Lett., vol. 87, no. 11, p. 113902, Sep. 2005, doi: 
10.1063/1.2045549. 
[65] K. M. Keener and P. A. Klockow, “Method and system for treating packaged products,” 
Method Syst. Treat. Packag. Prod., 2013. 
[66] M. A. (Michael A. . Lieberman and A. J. Lichtenberg, Principles of plasma discharges and 
materials processing, 2nd ed. Wiley-Interscience, 2005. 
[67] A. Von Engel and H. F. Dylla, Ionized gases. AIP press, 1994. 
[68] R. Foest, M. Schmidt, and K. Becker, “Microplasmas, an emerging field of low-temperature 
plasma science and technology,” Int. J. Mass Spectrom., vol. 248, no. 3, pp. 87–102, 2006. 
[69] K. Tachibana, “Current status of microplasma research,” IEEJ Trans. Electr. Electron., 
2006. 
[70] A. Schutze, J. Y. Jeong, S. E. Babayan, J. Park, G. S. Selwyn, and R. F. Hicks, “The 
atmospheric-pressure plasma jet: A review and comparison to other plasma sources,” 
Plasma Sci. IEEE Trans., vol. 26, no. 6, pp. 1685–1694, 1998. 
[71] F. Iza, G. J. Kim, S. M. Lee, J. K. Lee, J. L. Walsh, Y. T. Zhang, and M. G. Kong, 
59 
 
“Microplasmas: sources, particle kinetics, and biomedical applications,” Plasma Process. 
Polym., vol. 5, no. 4, pp. 322–344, 2008. 
[72] R. M. Sankaran and K. P. Giapis, “Maskless etching of silicon using patterned 
microdischarges,” Appl. Phys. Lett., vol. 79, no. 5, pp. 593–595, 2001. 
[73] P. Kurunczi, N. Abramzon, M. Figus, and K. Becker, “Measurement of rotational 
temperatures in high-pressure microhollow cathode (MHC) and capillary plasma electrode 
(CPE) discharges,” acta Phys. slovaca, vol. 54, no. 2, pp. 115–124, 2004. 
[74] F. Iza, J. K. Lee, and M. G. Kong, “Electron kinetics in radio-frequency atmospheric-
pressure microplasmas,” Phys. Rev. Lett., vol. 99, no. 7, p. 75004, 2007. 
[75] R. M. Sankaran, K. P. Giapis, M. Moselhy, and K. H. Schoenbach, “Argon excimer 
emission from high-pressure microdischarges in metal capillaries,” Appl. Phys. Lett., vol. 
83, no. 23, pp. 4728–4730, 2003. 
[76] K. H. Becker, K. H. Schoenbach, and J. G. Eden, “Microplasmas and applications,” J. Phys. 
D. Appl. Phys., vol. 39, no. 3, pp. R55–R70, Feb. 2006, doi: 10.1088/0022-3727/39/3/R01. 
[77] D. Mariotti and R. M. Sankaran, “Microplasmas for nanomaterials synthesis,” J. Phys. D. 
Appl. Phys., vol. 43, no. 32, p. 323001, Aug. 2010, doi: 10.1088/0022-3727/43/32/323001. 
[78] M. Lundstrom, “Fundamentals of carrier transport,” Meas. Sci. Technol., vol. 13, no. 2, p. 
230, 2002. 
[79] C. Herring and J. Bulson, “Microplasma Planar Lighting,” Eden Park Illum., 2012. 
[80] J. Chen, S. J. Park, J. G. Eden, and C. Liu, “Microdischarge Device Fabricated In Silicon 
By Micromachining Technique with Pyramidal Cavity,” in 11th International Conference 
on Solid-State Sensors and Actuators, Munich, Germany, June 10-14, 2001. 
 [81] S. J. Park, J. Chen, C. J. Wagner, N. P. Ostrom, C. Liu, and J. G. Eden, “Microdischarge 
arrays: A new family of photonic devices,” Sel. Top. Quantum Electron. IEEE J., vol. 8, no. 
1, pp. 139–147, 2002. 
[82] D. Pavia, G. Kriz, G. Lampman, and R. Engel, A microscale approach to organic laboratory 
techniques. Cengage Learning, 2012. 
[83] K. Saji, N. Joshy, and M. Jayaraj, “Optical emission spectroscopic studies on laser ablated 
zinc oxide plasma,” J. Appl. Phys., 2006. 
[84] F. Claeyssens, A. Cheesman, S. J. Henley, and M. N. R. Ashfold, “Studies of the plume 
60 
 
accompanying pulsed ultraviolet laser ablation of zinc oxide,” J. Appl. Phys., vol. 92, no. 
11, pp. 6886–6894, 2002. 
[85] M. Hanif, M. Salik, and M. A. Baig, “Laser based optical emission studies of zinc oxide 
(ZnO) plasma,” Plasma Chem. Plasma Process., vol. 33, no. 6, pp. 1167–1178, 2013. 
[86] V. Craciun, J. Elders, J. G. E. Gardeniers, and I. W. Boyd, “Characteristics of high quality 
ZnO thin films deposited by pulsed laser deposition,” Appl. Phys. Lett., vol. 65, no. 23, pp. 
2963–2965, 1994. 
[87] P. Hari, M. Baumer, W. Tennyson, and L. Bumm, “ZnO nanorod growth by chemical bath 
method,” J. Non-Crystalline, 2008. 
[88] M. Wang, E. J. Kim, S. H. Hahn, C. Park, and K.-K. Koo, “Controlled Crystal Growth and 
Crystallite Orientation in ZnO Films/Nanorods Prepared by Chemical Bath Deposition: 
Effect of Solvent,” Cryst. Growth Des., vol. 8, no. 2, pp. 501–506, Feb. 2008, doi: 
10.1021/cg070467m. 
[89] V. Manthina, T. Patel, and A. G. Agrios, “Number Density and Diameter Control of 
Chemical Bath Deposition of ZnO Nanorods on FTO by Forced Hydrolysis of Seed 
Crystals,” J. Am. Ceram. Soc., vol. 97, no. 4, pp. 1028–1034, 2014. 
[90] G. P. Smestad and M. Gratzel, “Demonstrating Electron Transfer and Nanotechnology: A 
Natural Dye-Sensitized Nanocrystalline Energy Converter,” J. Chem. Educ., vol. 75, no. 6, 
p. 752, Jun. 1998, doi: 10.1021/ed075p752. 
[91] I. I. Sobelman, Atomic spectra and radiative transitions. Springer-Verlag Berlin, 1979. 
[92] R. Siegel, Thermal radiation heat transfer, vol. 1. CRC press, 2001. 
[93] K. Ellmer, A. Klein, and B. Rech, Transparent conductive zinc oxide: basics and 
applications in thin film solar cells, vol. 104. Berlin, Germany: Springer, 2007. 
[94] N. M. Shaikh, B. Rashid, S. Hafeez, Y. Jamil, and M. A. Baig, “Measurement of electron 
density and temperature of a laser-induced zinc plasma,” J. Phys. D. Appl. Phys., vol. 39, 
no. 7, pp. 1384–1391, Apr. 2006, doi: 10.1088/0022-3727/39/7/008. 
[95] C. Y. Jiang, X. W. Sun, G. Q. Lo, D. L. Kwong, and J. X. Wang, “Improved dye-sensitized 
solar cells with a ZnO-nanoflower photoanode,” Appl. Phys. Lett., vol. 90, no. 26, p. 
263501, 2007. 
[96] M. Law, L. E. Greene, J. C. Johnson, R. Saykally, and P. Yang, “Nanowire dye-sensitized 
61 
 
solar cells,” Nat. Mater., vol. 4, no. 6, pp. 455–459, Jun. 2005, doi: 10.1038/nmat1387. 
[97] R. Eason, Pulsed laser deposition of thin films: applications-led growth of functional 
materials. John Wiley & Sons, 2007. 
[98] X. Zhang, M. Lu, Y. Zhang, and L. Chen, “Fabrication of a High‐Brightness Blue‐Light‐
Emitting Diode Using a ZnO‐Nanowire Array Grown on p‐GaN Thin Film,” Advanced, 
2009. 
[99] A. Baltakesmez, S. Tekmen, and S. Tüzemen, “ZnO homojunction white light-emitting 
diodes,” J. Appl. Phys., vol. 110, no. 5, p. 54502, 2011. 
[100] J. Eden and S. Park, “Microcavity plasma devices and arrays: A new realm of plasma 
physics and photonic applications,” Plasma Phys. Control. fusion, 2005. 
 
